In the past decade, gold nanoparticles have attracted strong interest from the nanobiotechnological community owing to the significant progress made in robust and easy-to-make synthesis technologies, in surface functionalization, and in promising biomedical applications. These include bioimaging, gene diagnostics, analytical sensing, photothermal treatment of tumors, and targeted delivery of various biomolecular and chemical cargos. For the last-named application, gold nanoparticles should be properly fabricated to deliver the cargo into the targeted cells through effective endocytosis. In this review, we discuss recent progress in understanding the selective penetration of gold nanoparticles into immune cells. The interaction of gold nanoparticles with immune cell receptors is discussed. As distinct from other published reviews, we present a summary of the immunological properties of gold nanoparticles. This review also summarizes what is known about the application of gold nanoparticles as an antigen carrier and adjuvant in immunization for the preparation of antibodies in vivo. For each of the above topics, the basic principles, recent advances, and current challenges are discussed. Thus, this review presents a detailed analysis of data on interaction of gold nanoparticles with immune cells.
Introduction
Gold nanoparticles (GNPs) have attracted signicant interest as a novel platform in nanobiotechnology and biomedicine because of their convenient surface bioconjugation with molecular probes 1 and their remarkable optical 2 and immunological 3 
properties. Recently published examples include
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applications of GNPs to genomics, biosensorics, immunoassays, clinical chemistry, detection and control of microorganisms, cancer cell photothermolysis, targeted delivery of drugs or other substances, and optical imaging and monitoring of biological cells and tissues. [4] [5] [6] Noteworthy is the fact that GNPs are being increasingly administered to animals and humans parenterally. In particular, they serve as carriers for the delivery of drugs, genetic materials, and antigens. "Colloidal metallic gold is not bio-inert"-such is the name Brown et al. 7 gave to their article so as to stress the importance of nanometer size in biological effects, even for such a seemingly inert material as gold.
It is natural to suppose that the rst cells that GNPs encounter on their way in the mammalian organism are those of the immune system, in particular its phagocytic link (neutrophils, monocytes, macrophages, dendritic cells and mast cells). Indeed, as early as in the rst attempts to investigate colloidal gold biodistribution, which were performed in the 1960s-80s on rabbits, 8 mice, 9 and rats 10, 11 it was found that aer parenteral administration, colloidal gold particles are captured by liver cells, excreted through bile, and eliminated from the organism with feces. Aer injection, gold was identied mostly in Kupffer cells. Perhaps Scott et al. 8 were the rst to note that the phagocytosis of GNPs is size dependent. Besides Hardonk et al., 10 the important role of Kupffer cells in the elimination of GNPs was established by Sadauskas et al., 12 who injected GNPs intravenously in mice. Electron microscopy showed that aer injection, the GNPs accumulated in the macrophages of the liver (90%) and spleen (10%). The authors concluded that GNPs penetrate only phagocytes, primarily the Kupffer cells of the liver. In a subsequent study, 13 Sadauskas et al. reported that GNPs get localized in lysosomes (endosomes) of Kupffer cells and can be retained there for up to six months. The inuence of size, solubility and surface modication on the biocompatibility of GNPs and their use in biological applications is well known. 14, 15 However, the effects of nanoparticle properties on the immune system are still being explored.
In this review, we discuss the selective penetration of GNPs into immune cells and the interaction of GNPs with immune cell receptors. This review also summarizes what is known about the application of GNPs as an antigen carrier and adjuvant in immunization for the preparation of antibodies in vivo.
Interaction of gold nanoparticles with immune cells
The immune system cells constitute the rst barrier to nanoparticle penetration of animal tissues and cells. Therefore, the study of GNP interactions with phagocytes, the mechanisms of intracellular uptake, and the responses of immune cells to GNPs is undoubtedly of major interest. Perhaps the rst detailed consideration of these issues can be found in Shukla et al., 16 who, using three microscopic methods, examined the uptake of 3 nm GNPs into RAW264.7 macrophage cells. The conclusion from their study was that small GNPs enter macrophages through pinocytosis and get localized mostly in lysosomes and in the perinuclear space. On the whole, Shukla et al.'s data indicate that the GNPs are biocompatible, noncytotoxic and nonimmunogenic and that they suppress the production of reactive oxygen species and do not cause elaboration of the proinammatory cytokines TNF-a and IL1-b (which contradicts the data of Yen et al. 17 ). In contrast to data by Shukla et al., 16 Yen et al. 17 noted that on the administration of GNPs, the number of macrophages decreases and their size increases, this being accompanied by elevated production of IL-1, IL-6 and TNF-a. We emphasize that the data of Shukla et al. 16 were obtained for very small (3 nm) particles. However, Lim et al., 18 using much larger (60 nm) hollow NSphs capped with dextran, and Zhang et al.,
19 using 60 nm GNPs, achieved results similar to the ndings of Shukla et al. 16 for the same cell culture. Sumbayev et al. 20 showed that citrate-stabilized GNPs specically downregulate, in a size dependent manner, the cellular responses induced by IL-1b both in vitro and in vivo. In a recent study, Guevél et al. 21 demonstrated that 12 nm gold nanoparticles induce cell mediated responses accompanied by inammatory natural killer (NK) cell stimulation, whereas 2 nm gold nanoparticles are more efficiently taken up without inducing dendritic cell maturation or lymphocyte proliferation. To summarize, the published data revealed strong effects of the GNP size and functionalization on production of proinammatory cytokines.
With some inspiration from data on GNP uptake by macrophages, Choi et al. 22 even proposed a new method for the photothermal therapy of tumors that employs a "Trojan horse" in the form of monocytes and macrophages laden with phagocytosed GNSs. For these purposes, Dreaden et al. 23 suggested the use of GNPs conjugated with macrolide antibiotics, which can accumulate in tumor-specic macrophages and induce their cytotoxicity, causing tumor cells to die. Thus, particle size and structure in these studies were not critical to macrophage uptake.
The inuence of colloidal gold on immunocompetent cells was examined in vivo also by Tian et al. 24 and by Lou et al. 25 In particular, injection of nonconjugated GNPs into mice enhanced the proliferation of lymphocytes and normal killers, as well as increasing the IL-2 production.
Quite interesting data were acquired by Bastús et al. 26 ,27 with 10 nm nonconjugated GNPs. From their results, it follows that indeed, on entry into murine bone marrow macrophages, GNPs do not affect the production of proinammatory cytokines. However, if the GNP surface is modied with the peptide AGIP (amyloid growth inhibitory peptide, LPFFD) or SAP [sweet arrow peptide, (VRLPPP) 3 ], GNPs, on entry into the macrophages, involve the induction of NO synthase and proinammatory cytokines such as TNF-a, IL-1b and IL-6. In addition, they inhibit macrophage proliferation. The recognition of GNP-peptide conjugates was made more effective through toll-like receptors 4 (TLR-4) on the surface of the macrophages. Yet, Staroverov et al. 28, 29 demonstrated that both 15 nm nonconjugated GNPs and their conjugates with highand low-molecular-weight antigens, on entry into rat peritoneal macrophages, enhance their respiratory activity and the activity of macrophage mitochondrial enzymes (Fig. 1) . GNPs also have greatly increased the production of IL-1, IL-6 and IFN-g (Fig. 2) . Lee et al. 30 reported that the penetration of gold nanorods (GNRs) and SiO 2 -coated GNRs into macrophages induces the release of inammatory mediators (cytokines, prostaglandins, etc.) and the activation of immune response genes. Thus, in addition to early observations by Shukla et al. 16 for bare GNPs, the published data [26] [27] [28] [29] indicate a signicant role of surface coating in macrophage response aer GNP uptake.
The activation of macrophages by GNPs, found by several authors, [26] [27] [28] [30] [31] [32] [33] [34] can serve as a basis for new vaccine adjuvants. As in the usual cellular uptake, immunoactivity depends strongly on the particle size: 5 nm particles conjugated with disaccharides performed far better than smaller, 2 nm ones.
35
Yet another means of activating macrophages with GNPs was proposed by Wei et al. 36 For this purpose, they used 15 and 30 nm GNPs conjugated to cytosine-phosphate-guanosine (CpG) oligodeoxynucleotides. As is known, these oligonucleotides are demethylated sites of microbial DNA that can activate macrophage immune response by interacting with the TLR-9 receptors and subsequently triggering a cascade of immune response signals. The immunostimulating activity of synthetic oligonucleotides containing CpG motifs may be analogous to that of oligonucleotides from bacterial DNA. 37 According to Wei et al., 36 GNP-CpG conjugates were effective in enhancing nanoparticle internalization in RAW264.7 macrophages, and they greatly increased the secretion of proinammatory cytokines such as TNF-a and IL-6 (15 nm conjugates did so to a greater degree than 30 nm ones did). The immunostimulatory effect of GNP-CpG was much greater than that of native CpG at the same concentrations.
A recent study 38 examined the inuence of the size of PEGylated GNPs on the activation of the TLR-9 receptors of RAW264.7 murine macrophages by CpG oligonucleotides. GNPs with diameters of 4, 11, 19, 35 and 45 nm inhibited CpGinduced elaboration of TNF-a and IL-6 and the activity of the TLR-9 receptors. This effect was markedly size dependent, with a peak for 4 nm GNPs, which penetrated the cells most intensively.
Massich et al. 39 reported on the immune response of macrophages aer the phagocytosis of GNPs functionalized with polyvalent oligonucleotides. The effectiveness of uptake and the level of interferon production were found to depend on the density of DNA molecules on the GNP surface. Kim et al. 40 showed that the uptake effectiveness of oligonucleotide-functionalized GNPs differs for cells isolated from peripheral blood (mononuclear cells) and those introduced into a 293T culture. In addition, only in the rst type of cell did the uptake of GNP conjugates activate the expression of immune response genes.
A recent article by Walkey et al. 41 described a thorough study of the effect of coating GNPs with serum proteins and PEG on macrophage uptake. The authors studied the adsorption of 70 blood serum proteins to PEG-coated GNPs with different densities of PEG coating. Increasing the PEG coating density reduced serum protein adsorption and changed the composition of the adsorbed protein layer. Particle size also affected serum protein adsorption through a change in the steric interactions between the PEG molecules. Both the density of PEG molecules on the GNP surface and the size of GNPs determined the mechanism and effectiveness of macrophage uptake, possibly because the composition of the adsorbed blood serum proteins and their availability to cells were regulated. If the density of PEG coating was lower than $0.16 PEG molecules per nm 2 , the macrophage uptake of GNPs depended on the presence of adsorbed proteins (serum-dependent uptake). If the density was higher than $0.64 PEG molecules per nm 2 , serumindependent uptake was seen (Fig. 3) . Serum-dependent uptake was more effective than serumindependent uptake, apparently because of the difference in the energy of the GNP-cell interaction. Interestingly, serum-independent uptake was more effective for large GNPs (90 nm) whereas serum-dependent uptake was maximal for 50 nm GNPs.
It should be noted that immediately on contact of GNPs with blood, lymph, gastric juice, or any other biological liquid in vivo the interaction between GNPs and solvable proteins and other biomolecules results in the formation of a protein "corona". 42, 43 Similarly to the concept of functionalized GNPs, the concept of a GNP-protein corona is important in tuning the surface physicochemical properties of GNPs, such as charge, hydrodynamic size and colloidal stability. In fact, it is the GNP-protein corona that forms the rst nano-bio interface and determines the rst interactions of GNPs with/or within living cells. This is because the GNP-protein corona is a dynamic biopolymer layer that can strongly affect cellular uptake owing to modication of the particle properties (the overall size, charge, etc.). Although as much as 69 plasma proteins can bind to the GNP surface, 44, 45 only some of them, such as albumin, apolipoprotein, immunoglobulin, complement and brinogen, are the most abundantly bound proteins forming the GNP-protein corona. Aer intravenous injection, the coating of GNPs by these proteins largely determines the particles' fate in the body-biodistribution over organs, tissues and cells, the efficiency of cellular uptake and clearance, immunological properties, and so on.
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Ma et al. 48 showed that GNPs attenuate LPS-induced NO production through the inhibition of nuclear factor-kB and IFN-b/STAT1 pathways in RAW264.7 cells. In contrast, Liu et al. 49 demonstrated that PEGylated GNPs were internalized more quickly by lipopolysaccharide-activated RAW264.7 cells than by unstimulated cells, reaching saturation within 24 h. The PEGylated GNPs enhanced LPS-induced production of NO and IL-6 and inducible nitric oxide synthase expression in RAW264.7 cells, partly by activating p38 mitogen-activated protein kinases and NF-kB pathways. Goldstein et al. 50 showed that GNPs and their plasmonic excitation could activate the Nrf2-Keap1 pathway in macrophages.
García et al. 51 studied the cellular uptake of GNPs with or without exposure of cells to latrunculin A, a phagocytosis inhibitor. The results indicate a size dependence of the internalization mechanisms for macrophage (THP-1) cells. The internalization of larger GNPs (15 and 35 nm) was blocked in the presence of latrunculin A, although they could attach to the cell membrane. Smaller GNPs (5 nm), though, were not blocked by actin-dependent processes.
Of considerable interest are studies on the uptake of GNPs not only by macrophages but also by other cells of the immune system, in particular dendritic cells. In the past decade, dendritic cells have attracted increased interest owing to the ease of their isolation from peripheral blood monocytes and to their ability to effectively present antigens to T cells. By now, a great deal of work has been done on the modulation of immune response in patients with chronic infections and oncological diseases by using antigen-primed dendritic cells.
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GNPs have been named, among other carriers, for application in antigen delivery to dendritic cells. For example, Cheung et al. 53 described the use of 15 nm GNPs for presenting a peptide antigen associated with Epstein-Barr virus to dendritic cells. According to their TEM data, peptide-functionalized GNPs penetrated the dendritic cell cytoplasm but were not found in the nuclei. The uptake of GNPs by dendritic cells resulted in an increased content of g-interferon, the presentation by major histocompatibility complex I (MHC-I) of the antigen to CD4+ T cells, and, correspondingly, activation of an epitope-specic immune response by cytotoxic T cells.
Cruz et al. 54 addressed dendritic cell uptake of and immune response activation by 13 nm GNPs conjugated to prostate cancer peptide antigens. By TEM, LCM and ow cytometry, GNPs functionalized with the peptides and with Fc fragments of IgG were shown to interact with the Fcg receptors of dendritic cells and were localized, upon uptake, in the cytoplasm in a diffuse way. Internalization of antigen-conjugated GNPs in dendritic cells brought about an increase in the immune response, as compared with the effect obtained from the use of the native antigen, which was manifested as enhanced lymphocyte proliferation. Such an approach, in the authors' opinion, opens up the way to the creation of an effective system for the development of antitumor and other vaccines.
Villiers et al. 55 reported the effect of 10 nm non-antigenfunctionalized GNPs on the immune functions of dendritic cells. From their ndings, the GNPs that had entered cell endosomes were not cytotoxic and had no effect on the production of the proinammatory cytokine IL-6. However, they did promote the secretion of interleukin IL-12p70, which is directly involved in the activation of T cells and, thus, in the regulation of an antigen-specic immune response. The authors also noted the development of long dendrites and an increase in the cell-surface amount of MHC-II molecules, which present antigens to T lymphocytes. Thus, even nonfunctionalized GNPs are immunostimulatory to both dendritic cells and macrophages. 17 Ye et al. 56 used TEM and ow uorocytometry to quantify the uptake of GNRs by dendritic cells and the particle effect on their functions. Compared to spherical GNPs, GNRs entered dendritic cells more effectively and induced higher expression of CD86 immunocostimulatory molecules, which are characteristic of dendritic cells.
Lin et al. 57 reported that GNPs in complexes with peptides derived from tumor-associated antigens are taken up effectively by dendritic cells. Moreover, dendritic cells take up GNPs with minimal toxicity and can process the vaccine peptides on the particles to stimulate cytotoxic T lymphocytes. A high peptide density on the GNP surface can stimulate cytotoxic T lymphocytes better than can free peptides. Thus, GNPs have great potential as carriers for various vaccine types.
GNP-mediated response of dendritic cells depends on the physicochemical properties of the GNP surface. For example, Fytianos et al. 58 clearly indicated that the chemical composition and surface charge of GNPs modulate uptake by dendritic cells and cytokine release. Further, in vivo GNP effects are dosedependent. In particular, Małaczewska 59,60 demonstrated that mice, aer being orally administered with GNPs, showed an increased activity of phagocytes and some changes in the lymphocyte phenotypes, i.e., an increased percentage of B and CD4+/CD8+ double positive T cells. The lowest dose had a proinammatory or immunostimulating effect, enhancing the synthesis of proinammatory cytokines (IL-1b, IL-2, IL-6, TNF-a). The effect of the highest dose can be considered proinammatory or immunotoxic, because the stimulated cytokine synthesis was accompanied by a drastic decline in the proliferative activity of lymphocytes.
To estimate the functional impact of GNPs on B lymphocytes, Sharma et al. 61 treated a murine B lymphocyte cell line (CH12.LX) with 10 nm citrate-stabilized GNPs. This treatment activated an NF-kB-regulated luciferase reporter, and this activation correlated with the altered B lymphocyte function (i.e., with increased antibody expression). According to TEM images, GNPs could penetrate the cellular membrane and, therefore, could interact with the intracellular components of the NF-kB signaling pathway.
In vitro, ex vivo and in vivo evidence suggests that GNPs activate B cells and enhance IgG secretion. 62 GNP treatment upregulates blimp1, downregulates pax5, and enhances downstream IgG secretion. This enhancement is size and time dependent. GNPs ranging from 2 to 12 nm had the maximum stimulatory activity for the production of antibody.
Moreover, GNPs augmented lymphocyte proliferation in response to phytohemagglutinin, and this effect was greater for as-synthesized than for capped gold nanoparticles. Release of IL-10 and IFN-g from lymphocytes was increased and the effect was again more marked for as-synthesized GNPs than it was for capped GNPs. 63 Bartneck et al. 65, 66 reported the interaction of variously shaped and sized particles GNPs with human neutrophil granulocytes, monocytes and macrophages. On the basis of their study, the mechanism of nanoparticle trapping can be classied as macropinocytosis rather than phagocytosis. Particle shape was found to affect strongly the particle trapping by cells of the immune system; specically, CTAB-coated GNRs (50 Â 15 nm) could be trapped faster than CTAB-coated 15 and 50 nm gold nanospheres. Replacing CTAB by poly(ethylene oxide) greatly reduced uptake effectiveness for both types of GNPs. Nanoparticle uptake by the immune cells was accompanied by an activation of the genes of proinammatory cytokines and by a corresponding change in the cell phenotype. A characteristic fact is that the "professionally" phagocytic cells took up GNPs two orders of magnitude more effectively than did, e.g., HeLa cells. In addition, Bartneck et al. revealed an alternative elimination mechanism whereby GNPs can be cleared from peripheral blood via an extracellular network ("trap") produced by neutrophil granulocytes.
The same group presented data 67 on the uptake of GNPs into various cells of the reticuloendothelial system: monocytes, macrophages, immature and mature dendritic cells and endothelial cells. The greatest uptake ability was demonstrated by macrophages, endothelial cells and immature dendritic cells. Positively charged GNPs penetrated into cells of the reticuloendothelial system more effectively. Moreover, GNPs intensied the induction of several cytokines, including g-interferon, IL-8 (both in dendritic cells and in macrophages), IL-1b and IL-6 (
Thus, GNPs can penetrate into various immune cells (Fig. 4 ) and activate the production of proinammatory cytokines (Table 1) .
Phagocytic cells of the immune system have a multitude of various receptors on their surface, through which they bind and take up foreign material. 68, 69 The interactions with various types of receptors and, consequently, various types of GNP endocytosis depend in many ways on nanoparticle size and shape but especially on surface functionalization (including opsonization by proteins from the culture medium or blood plasma) 70 and on the presence of mannose-containing polysaccharides on the GNP surface.
71 Some researchers are inclined to believe that the key role in macrophage uptake of GNPs is played by scavenger receptors. 72, 73 These are mainly involved in the endocytosis of apoptotic cells. A characteristic peculiarity of their functioning, in contrast to the other macrophage receptors, is the absence of release of proinammatory cytokines.
More specically, Patel et al. 74 demonstrated that the uptake of GNPs functionalized with polyvalent oligonucleotides by mammalian cells is effected through scavenger receptors. Cell preincubation with fucoidan and polyinosinic acid, which are agonists for these receptors, decreased the uptake by 60% (Fig. 5) . However, balomycin A1 and methyl-b-cyclodextrin did not inhibit GNP uptake, because these pharmacological agents are known to inhibit other modes of cellular entry. Coating of GNP conjugates with serum proteins also reduced uptake effectiveness.
An in-depth study on the involvement of scavenger receptors in macrophage uptake of GNPs was published by França et al. 75 Their data show that macrophages take up opsonized GNPs through SR-mediated pathways (both 30 
Production of antibodies by using gold nanoparticles
Since the 1920s, the immunological properties of colloidal metals (in particular, gold) have been attracting much research interest. This interest is mainly due to the physicochemical (nonspecic) theory of immunity proposed by J. Bordet, who postulated that immunogenicity, along with antigenic specicity, depends predominantly on the physicochemical properties of antigens, rst of all on their colloidal state. L. A. Zilber made successful attempts to obtain agglutinating sera to colloidal gold 76 (interestingly, a repeated attempt to prepare antisera to colloidal gold was performed almost 80 years later, in 2006). 77 Yet, several authors have shown that the introduction of a complete antigen together with colloidal metals promotes the production of antibodies. 78 Furthermore, some haptens may cause antibody production when adsorbed to colloidal particles. 79 Numerous data on the inuence of colloidal gold on nonspecic immune response are given in one of the best early reviews. 80 In particular, it was noted that at 2 h aer an intravenous injection of 5 mL of colloidal gold into rabbits, there was a sizable increase in total leucocytes in 1 mL of blood (from 10 000 to 19 800) against a slight decline in mononuclear cells (from 5200 to 4900) and a considerable increase in polynuclear cells (from 4700 to 14 900). 81 On injection of other colloidal metals, no such phenomena were observed. Unfortunately, with advances in immunology and with denial of many postulates of Bordet's theory, interest in the immunological properties of colloids decreased. There is no doubt, though, that the data obtained on the enhancement of immune response to antigens adsorbed on colloidal particles were utilized for the development of various adjuvants.
82,83
The size-dependent GNPs-induced changes (both increasing and decreasing) of the number of white blood cells have been reported in several recent publications.
84-86
It is known that antibody biosynthesis is induced by substances possessing sufficiently developed structures (immunogenicity). The substances include proteins, polysaccharides, and some synthetic polymers. However, many biologically active substances (vitamins, hormones, antibiotics, narcotics, etc.) have relatively small molecular masses and, as a rule, do not elicit a pronounced immune response. In standard methods of antibody preparation in vivo, this limitation is overcome by chemically attaching such substances (haptens) to high-molecular-weight carriers (most oen proteins), which makes it possible to obtain specic antisera. However, such antisera usually contain attendant antibodies to the carrier's antigenic structures.
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Let us take a brief look at two interrelated problems in current immunology that have attracted much research attention. These are the development of antibodies to nonimmunogenic low-molecular-weight compounds (haptens) and the creation of next-generation vaccines based on natural (microbial) or synthetic peptides. [88] [89] [90] [91] [92] [93] It is known that antibody biosynthesis is induced by substances possessing sufficiently developed structures (immunogenicity). These substances include proteins, polysaccharides, and some synthetic polymers. 94 However, many biologically active substances (neurotransmitters, hormones, vitamins, antibiotics, etc.) have relatively small molecular masses. Low-molecular-weight antigens are in the category "weak antigens," i.e., they do not elicit a pronounced immune response.
Because haptens are weakly immunogenic, the choice of an optimal carrier (delivery system) providing a high immune response, in parallel with the obtainment of pure enough antibody preparations, is an important task when producing antibodies to low-molecular-weight compounds. Traditionally, this problem is solved by chemical attachment of a hapten to a protein matrix called a schlepper (from the German schleppen "to drag"), and by the use of adjuvants and intensive schemes of animal immunization with the obtained conjugate. 87, 95 Bovine serum albumin (BSA), ovalbumin, thyreoglobulin, hemocyanin and diphtheria or tetanus toxoids (in the case of synthetic peptides) are generally used as schleppers. However, this method yields antibodies to both the hapten and the immunodominant sites of the carrier. Note that when such a carrier is used, a pronounced immune response to weak antigens does not always develop. Besides, the subsequent purication and screening of the obtained antibodies are laborious and expensive, and their titre and affinity are oen low. Most currently used adjuvants based on oil emulsions and on suspensions of inorganic substances are, as a rule, liable to phase separation, are oen reactogenic, and their immunogenic properties vary with time. Many of these adjuvants cause local and systemic toxicity.
82
In recent years, efforts have been made to develop "complex antigens", i.e., articial molecular complexes formed from both necessary antigens and carriers or/and adjuvants. In particular, synthetic polyelectrolytes (poly-L-lysine, polyacrylic acid, polyvinylpyridine, sulfonated polystyrene, coll, etc.) were proposed for use as adjuvants. 96 These polymer compounds are produced by chain-radical polymerization of the corresponding monomers. The simplicity of polyelectrolyte composition and synthesis, the possibility of obtainment of polymer chains with a wide range of molecular masses (i.e., of various lengths), their solubility in water, and other properties (the capacity for conformational transitions, the formation of complexes with proteins, etc.) opened up possibilities for the use of polyelectrolytes in immunologic investigations. Such adjuvant carriers are capable of antigen deposition at the sites of injection, enhancement of antigen presentation to immunocompetent cells, and induction of production of necessary cytokines. However, the low immunogenicity of such complexes, due to their small epitope density, prompts researchers to look for new nontoxic and effective carriers additionally possessing adjuvant properties.
In this respect, of special interest are nanoscale corpuscular carriers: polymer nanoparticles [e.g., those made of polymethylmethacrylate, polyalkylcyanoacrylate, polylactide-co-glycolide, poly(g-glutamic acid), polystyrene, etc.]; liposomes, proteasomes and microcapsules; fullerenes; carbon nanotubes; graphene oxide; dendrimers; paramagnetic particles; silica nanoparticles; titanium dioxide nanoparticles; aluminum and aluminum oxide nanoparticles; cobalt oxide nanoparticles; silver nanoparticles; selenium nanoparticles, and others. When these are used, the forms of manifestation of immunogenicity of a given substance in the host's immune system vary. An antigen, once adsorbed or encapsulated by nanoparticles, may be used as an adjuvant for optimization of the immune response aer vaccination.
97-102
In 1986, Japanese researchers 103 rst reported success in generating antibodies against glutamate by using colloidal gold particles as a carrier. Subsequently, a number of papers were published whose authors applied and further developed this technique to obtain antibodies to the following haptens and complete antigens: amino acids; 142 In all these studies, the haptens or complete antigens were directly conjugated to colloidal gold particles, mixed with complete Freund's adjuvant or alum, and used for animal immunization. As a result, high-titer antisera were obtained that needed no further purication from contaminant antibodies (Fig. 6) .
Thus, to date almost 40 publications have demonstrated successful application of functionalized GNPs to obtain antibodies against different antigens. In some cases the application of GNP conjugates produced higher titers and affinity. Oen the levels of specic antibodies produced in the immunization of animals with gold nanoparticles conjugated antigens were higher than that generated by classical adjuvants while the amount of antigen required to achieve this response was an order of magnitude lower than for immunization with a standard adjuvant. 143 The reasons for this may be due to greater accumulation of the antigen in cells such as dendritic cells allowing greater presentation of the therapeutic antigen to the immune system. The readers can nd below a similar consideration of a several studies for adjuvant properties of GNPs, although such unique examples is not sufficient to consider a signicant massive of collected experimental data.
The use of antituberculin antibodies for immunoassay of mycobacteria described for the rst time in ref. 137 and 138 . Fig. 7 illustrates applications of the immunodot assay, and TEM and light microscopy imaging to mycobacteria, with the reaction products being visualized by using immunogold markers. In future work, the authors plan to use the GNP + tuberculin conjugates not only to obtain of diagnostic antibodies but also to develop of tuberculin-based anti-tuberculosis vaccines. This can be considered as a new variant of theranostics, which can be called "prophynostics" (prophylaxes + diagnostics).
In 1993, Pow and Crook 144 suggested attaching a hapten (g-aminobutyric acid) to a carrier protein before conjugating this complex to colloidal gold. This suggestion was supported in papers devoted to the raising of antibodies to some peptides, [145] [146] [147] [148] [149] amino acids,
diminazene. 155 The antibodies obtained in this way possessed high specicities to the antigens under study and higher (as Pow and Crook 144 put it, "extremely high") titers -from 1 : 250 000 to 1 : 1 000 000, as compared with the antibodies produced routinely. At present, the Australian-based company ImmunoSolution offers antibodies, obtained according to ref. 144 , to some neurotransmitters and amino acids. In 1996, Demenev et al. 156 showed for the rst time the possibility of using colloidal gold particles as part of an antiviral vaccine as carriers for the protein antigen of the tick-borne encephalitis virus capsid. According to the authors' data, the offered experimental vaccine had higher protective properties than its commercial analogs, despite the fact that the vaccine did not contain adjuvants.
Subsequently, GNPs have been used to generate antibodies and design experimental vaccines (both peptide and carbohydrate) against inuenza A virus, 157, 158 West Nile virus, 159 the respiratory syncytial virus, 160 hepatitis E virus, 161 coronavirus,
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as well as against tuberculosis 137 and listeriosis. 163 In addition, GNPs are being used in the development of experimental vaccines against tumors [164] [165] [166] [167] [168] [169] [170] and HIV/AIDS. [171] [172] [173] In 2011, Wang et al. 174 suggested a new therapeutic vaccine based on the combination of myelin-associated inhibitors and GNPs for the treatment of rat medullispinal traumas. Also, for GNP-assisted antigens, several groups reported new administration ways: oral, pulmonary, transcutaneous and transmucosal immunization.
175-180 Table 2 summarizes the literature data on the antigens and haptens that have been conjugated with GNP carriers and then used for immunization of animals. The titers of the antibodies have been increased owing to GNPs.
A considerable number of papers devoted to the use of GNPs for creating DNA vaccines have emerged as well. The principle of DNA immunization is as follows: gene constructions coding for the proteins to which one needs to obtain antibodies are introduced into an organism. If the gene expression is effective, these proteins serve as antigens for the development of an immune response. 181, 182 In the early papers, immunization was conducted by a subcutaneous or intramuscular injection of a "naked" DNA. However, for this purpose, a "biolistic" transfection, using GNPs, began to be applied almost simultaneously. It was found to be very effective, apparently because of the multiplicity of sites of transgene interaction with tissues and because of transgene penetration directly into cells and nuclei. 183, 184 The method of gene immunization, oen called DNA vaccination, which was well-developed in experiments with animals, has shown high efficiency especially in respect of viral infections: tick-borne encephalitis, HIV infection, hepatitis B, and some others.
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DNA immunization has some advantages over routine vaccination. A single recombinant vector can govern the synthesis of several antigens simultaneously, reducing the number of separate immunizations. This results in erasing problems connected with the difficulties of protein penetration into the organism and in reducing signicantly the risk of side effects, which depend on the toxicity of the contaminant proteins introduced during a routine immunization or on the virulence of the bacteria and viruses used. One can expect that DNA immunization will be among the most effective genetherapy methods in the coming years. Recently, intramuscular injection of a "naked" DNA was abandoned in DNA vaccination. Investigators have come to use nanoparticles as a carrier for genetic material and to introduce the injection substance subcutaneously, intracutaneously, epicutaneously and intranasally. [189] [190] [191] Among the nanoparticles used as DNA carriers, GNPs, both spherical and cylindrical (multivalent Au-Ni nanorods), are especially popular with researchers. [192] [193] [194] [195] [196] [197] [198] Besides DNA, polysaccharides, peptides and glycopeptides are used as vectors in such vaccines. 53, [199] [200] [201] [202] [203] [204] [205] Moreover, whereas gold was earlier used only as a carrier, Zhao et al. 206 noted: "Although the mechanism behind this is not well understood, it appears that gold cartridges might enhance immune responses in vivo".
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Adjuvant properties of gold nanoparticles
Dykman et al. 121, [207] [208] [209] proposed a technology for the preparation of antibodies to various antigens, which uses colloidal gold as a carrier and adjuvant. In their method, antigens are adsorbed directly on the GNP surface, with no cross-linking reagents. It was found that animal immunization with colloidal goldantigen conjugates (with or without the use of Freund's complete adjuvant) yielded specic, high-titer antibodies to a variety of antigens, with no concomitant antibodies. GNPs can stimulate antibody synthesis in rabbits, rats and mice, and the amount of antigen required is reduced, as compared with that needed with some conventional adjuvant (Table 3) .
In summary, the experimental results give grounds to state that:
(1) Using the method of "gold immunization," one can obtain antibodies to those haptens to which it is very difficult to obtain antibodies conventionally (in particular, several antibiotics, vitamins and nonimmunogenic peptides);
(2) The amount of antigen used for immunization in this case is much smaller than that used in conventional methods, even when the latter allow one to obtain an immune response; (3) In the experiments with several antigens conjugated with GNPs, an immune response was obtained without the use of other adjuvants; (4) GNPs used as an antigen carrier stimulate the phagocytic activity of lymphoid cells and induce the release of inamma-tory mediators.
All the above facts show decisively that GNPs possesses adjuvant properties. With use of GNPs as an antigen carriers they activated the phagocytic activity of macrophages and inuenced the functioning of lymphocytes (see above), which apparently may be responsible for their immunomodulating effect. It also was found that GNPs and their conjugates with low-and high-molecular weight antigens stimulate the respiratory activity of cells of the reticuloendothelial system and the activity of macrophage mitochondrial enzymes, 28 which possibly determines the adjuvant properties of colloidal gold. That GNPs act as both an adjuvant and a carrier (i.e., they present haptens to T cells) seems the most interesting aspect of manifestation of immunogenic properties by colloidal gold. In particular, GNPs conjugated to antigens were found to inuence the activation of T cells: a tenfold increase in proliferation, as compared with that observed on the addition of the native antigen, was found. This fact shows that there is a fundamental possibility of targeted activation of T cells followed by macrophage activation and pathogen killing.
Several authors have reported a successful therapy of rheumatoid arthritis with a colloidal gold solution. [210] [211] [212] [213] According to the data of Graham, 214 the effect of GNPs in this case is an inhibition of monocyte-induced lymphocyte proliferation. The transformation of Au(0) to Au(I) in the immune-system cells under the action of several amino acids was discussed by Merchant.
215 It was noted by Eisler 216 that injection of GNPs into laboratory animals could result in an inammatory response, accumulation of gold in the reticular cells of lymphoid tissue, and activation of cellular and humoral immunity.
However, not a single paper available to us has reported data on the mechanism of such properties of gold particles. In our opinion, the reasoning given by Pow and Crook 144 on the preferable macrophage response to corpuscular antigens, as opposed to soluble ones, is certainly valid. This fact has also been conrmed by researchers studying the mechanism of action of DNA vaccines and using gold particles to deliver genetic material to cells. 206 The role of Kupffer and Langerhans cells in the development of immune response was shown in those investigations. The inuence of dendritic cells on the development of immune response upon injection of a GNP-conjugated antigen was discussed by Vallhov et al. 217 In addition, those authors noted that when using nanoparticles in medical practice, one has to ensure that there are no lipopolysaccharides on their surface. Similar results, for the interaction of GNPs with macrophages, were reported by Kingston et al.
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The interaction of cells of the immune system with GNPs was very actively examined by Dobrovolskaia's group. 72, 73, 75, 102, 219, 220 According to them, nanoimmunology is a new promising and rapidly developing eld. In spite of the many obstacles, significant progress in our understanding of nanoparticle interaction with the components of the immune system has been achieved. However, much is yet to be studied and understood.
Modern trends in the use of GNPs for vaccination is the application of multivalent glycopolymers 202 230 and the application of GNPs of various sizes and shapes (including nanorods, nanocubic, nanocages, nanoclusters).
159,231-233
However, those data do not answer the question about the further mechanisms of antigen presentation to T helpers. According to the current view, 94 the presentation of an antigen to T cells is preceded by its processing, i.e., cleavage into peptide fragments followed by the formation of bonds with molecules of the major histocompatibility complex, which transport the antigen fragment to the surface of the antigen-presenting cell. It remains unclear, then, how this process can proceed with a hapten. The hypothesis of the multivalent antigen, i.e., the antigen formed because of the high local concentration of univalent antigens on the surface of a gold particle, does not answer this question either. Hypothetical mechanisms of the immunomodulatory effects of nanoparticles are shown in Fig. 8 and 9 .
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Recently, many papers have been published in which the problems associated with GNP use for targeted drug delivery were discussed. In our opinion, one should deal with this question very carefully, taking into account the possibility of production in animals or humans of antibodies specic to the administered drug adsorbed on gold particles. We believe that the discovery of adjuvant properties of GNPs creates favorable conditions for designing next-generation vaccines.
Alongside GNPs, other nonmetallic nanoparticles also can serve as antigen carriers. The published examples include liposomes, proteosomes, microcapsules, fullerenes, carbon nanotubes, dendrimers and paramagnetic particles. 208 In our view, especially promising carriers are synthetic and natural polymeric biodegradable nanomaterials [polymethyl methacrylate, poly(lactide-co-glycolid acid), chitosan, gelatin]. With the use of such nanoparticles, the immunogenicity of a loaded substance and its representation in a host immune system will be changed. A nanoparticle conjugate with an absorbed or a capsulated antigen can serve as an adjuvant for the optimization of immune response aer vaccination.
The evident advantages of biodegradable nanoparticles is their complete utilization in the vaccinated organism, high loading efficiency for the target substance, enhanced ability to cross various physiological barriers, and low systemic side effects. In all likelihood, the immune action of biodegradable nanoparticles and GNPs as corpuscular carriers are similar. Keeping in mind the recent data for the low toxicity of GNPs and their efficient excretion by the hepatobiliary system, we expect that both nanoparticle classes -GNPs and biodegradable nanoparticles -will compete on equal footing for the development of next-generation vaccines.
Conclusions
Thus, GNP uptake into cells of the immune system activates the production of proinammatory cytokines, a nding which indicates directly that GNPs are immunostimulatory. The activation of immune cells by GNPs, shown by several authors, may serve as a basis to develop new vaccine adjuvants. As in the case of the usual cells, interactions with various types of receptors on the surface of immune cells and, correspondingly, various types of GNP endocytosis depend largely on the surface functionalization of GNPs. Many researchers believe that the key role in macrophage uptake of GNPs is played by scavenger receptors. However, the interaction of functionalized GNPs with cells of the immune system is still far from being understood in more or less detail and requires further study.
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In conclusion, it may be said that the time is probably right to talk of not only the biochemistry but also the biophysics of immune response, because it is the unique biophysical properties of metallic particles-in particular, the surface charge and the electrostatic eld of the particle (inuencing, in a certain manner, the charge, orientation and polarization of the antigen molecules adsorbed on the particles)-that have to signicantly affect the immune-response process.
Thus, the GNPs can serve as adjuvants to improve the effectiveness of vaccines, stimulate antigen-presenting cells, and provide controlled release of antigens. In addition, the immunogenicity of CNPs is determined by the physicochemical properties of particles such as size, shape, charge and surface functionalization. Study of the immune response characteristics when using GNPs as a carrier and adjuvant for the production of antibodies will allow evaluating their potential for the development of effective vaccines.
